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Review of Lattice Options for High-
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Roadmap to diffraction Limited Light sources (DLSR)
High Brilliance Light sources (HBLS)

1,0E-06
CLS

1,0E-n7

Zone de graphigue

1,0E-08

SuperB

CLICDR SRF-EBS

1,0E-09

1,0E-10

H Emittance / gamma*2 (nm)

1,0E-11 N3

TUSR + DR

1,0E-12
100 1000 10000

Circumference (m)
Adapted from R. Bartolini’s plot
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High brilliance achieved through MBA lattice

F(A) . photons X
417 (e, DA | dm) (e, ® A | 41) -

~ VS. ‘, X
F (1): Photon flux [photons/s/0.1% b.w.]

&, &, Transverse electron emittance
A : Photon wavelength
(A/4r . diffraction limited photon emittance)

B,(A)=

I I
_ 2_75 — -4
go[nmrad] = 1470 E[GeV] T Jp=1-— ‘Iz/ TME MBA
0.0078 o ~or3 F (Basm), o013 1/
z b
T~ Gradient Dipoles
d 1 ' .
I = p—z Iy = f% (? + 2b2) ds I = % %ds H = fyznz + 20,1’ + .34:772

TME: brute-force approach Is/l2 = 0 easily leads to overstrained optics, chromaticity wall
MBA: many weak dipoles, distributed chromaticity correction = allows relaxing optics
Gradient dipoles: reduce emittance, allow for more compact optics = improves MBA

TME Theoretical Minimum Emittance

Y/
.r""
I
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Exploring the emittance formula

2

Optic optimization leads to MBA Eo~ Y_
b = 1/p = Bl(ple) N3

horizontal focus in each dipole —

many small dipoles

Longitudinal Gradient Bend

L= [ [pPHd -GB
° /H ’ ‘ H = (17 + (ans + Bn),)*) /8

-
e [m-rad]=C y*—=
rol 1=C, 7 -1,

Radiated power

gradient bends
I, = / b? ds
I, = / bn(b* + 2k) ds

AE[keV]=C, y'1,

for vertical focusing (bk < 0)

TGB: transverse Gradient Bend Damping wiggler

C,=3.83:10"m C,=9.60-10 “keV

»
> ELJ l Laurent S. Nadolski. HBLS, BNL/NSLS-It3Aprik25+28y 2017 3)



Ingredient: Longitudinal gradient bends

Is = / |b]°H ds b(s) = B(s)/(p/e)

= Longitudinal field variation
b(s) to compensate #(s)

variation

= Beam dynamics in
bending magnet
— Curvature is source of
dispersion
— Horizontal optics ~ like drift
space

— Assumptions: no transverse
gradient (k = 0); rectangular
geometry

[m]

ctions

Betafun

Paletip Field B [T]

o

1 1 1
c.c 0.5 1.0 1.5 2.0

. o .
4 .
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Ingredient to lower the emittance: anti-bend

Courtesy of A.Streun
= General problem of dispersion matching: y

— dispersion production in dipoles — “defocusing”™ n” >0

= Quadrupoles in conventional cell:
— dispersion is horizontal trajectory: quads treat n and B, in same way.
-~ over-focusing of horizontal beta function g, dispersion:
- insufficient focusing of dispersion n . _\\\ anti-bend 7 |o.os
— striking example: the TME cell 2 e

\\OQ/ on //,/ :0.03
- disentangle n and B! -

=)
[2)]

L 0.01
e, 0.00

[m]
=)
1Y

= use negative dipole: anti-bend/reverse be @é[): z
— kick An’=vy , angley < 0 5 .
— out of phase with main dipole 2 6 3
— negligible effect on B, , B, ‘- =
= Side effects on emittance: i
— main dipole angle increase by 2|v | 0.0 0= 1.0 15 2. 2s
. . | ]
— anti-bend located at large H
- in total, still lower emittance TME: F=3.4,2=990 pm
: LGAB: F=0.69, =200 pm
> t .EJ I Laurent S. Nadolski. HBLS, BNL/NSLS-ItAprik25428;7 2012 7
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The Multibend Achromat Cycle

(courtesy A. Streun, PSI)

Many Short Cells

for a given circumference

/7

Short }'dagnets Small Bend Angle
Strong Gradients Low Diieﬁio"

Small Magnet Gaps \
V4
Limited Aperture Required
it POZUBT/COSt for decent MA and Touschek lifetime @

" JJ: oS
> ELJ I Laurent S. Nadolski. HBLS, BNL/NSLS-It/Apring5:2872017 8



Deciding on the “"M” part of the MBA.

2
Y
0~ Ny
. MAX-IV style (or ‘traditional’) 7BA* B
30/ 124 . ]
28 1% T SIRIUS MAX-IV
€ 20, E 8 )
S e 7 ELETTRA-IIF  SLS-|I**
€ 5|« g
ol ol Distributed sextpoles ] ALS-U*** CLS-"
0 5 10 ] (11)5 20 25 SLiT-J
ESRF/APSu style (or ‘hybrid’) 7BA* ESRF-EBS HEPS
70|
Agg. s PEPX APS-U*
€ 40 E
£ = SPRing8-Il
:"128' & O PETRA-IV
_13- 0 DIAMOND-II***

o SOLEIL-II***
* variation

L VoW RO
S t r . l Laurent S. Nadolski. HBLS, BNL/NSLS-I}I,;KSri‘T*,Q&g& 2917 9



Constraints to design a lattice
Compromise-trade-off (1)

« Type of Machine: Green field lattice/Upgrade lattice
« Top-up (stability, reliability, lifetime/losses, MTBF, etc.),
* Requirement for Dipole-based beam lines

« Size of the ring/cell (compact/very large, ID lengths)
— Large ring / hybrid lattice

* Number/Addition of straight sections/beamlines
« Compact lattice (tapers, flanges, bellows, RF-cavities, BPMs, etc.)

« Exotic magnets (LGB, Quad-dipole, combined magnets, all integrated
magnets, Permanent magnet, Anti (reverse) bend)

»
%LLJL Laurent S. Nadolski. HBLS, BNL/NSLS-ItyAprik2528y 2017
ll.i“’.l'“.“’
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Constraints to select a lattice
Compromise-trade-off (2)

Injection scheme (off-axis/on axis/swap out, etc.)
Technology limitations (quad/sextupole strength, space, etc.)
Collective effect (IBS, Lifetime Time, ...)

Lattice flexibility/tuneability

Easy of operation (sensitivity to errors, IDs, etc.) /maintainability
(MTTR)

Maximum current / working chromaticities / filling-pattern

»
%@.LJL Laurent S. Nadolski. HBLS, BNL/NSLS-ItyAprik2528y 2017
ll.i“’.l'“.h’
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LATTICE REVIEW

ny

Laurent S. Nadolski. HBLS, BNL/NSLS-IApring52872017
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MAX-1IV: 7BA, 3 GeV, 330 pm.rad, N=20,
528 m, 500 mA
First DLSR MBA-based machine in operation

I I I I
18 F ﬁx . .
by 0.08° TME-cell + matching cells
16 - " 1 0.07
Integrat lution

14 L 1 006 egrated solutio
E 12}
® 1 005 E Compact design
S f\ 5
5 /\ /\ 004 2
= [\ /\ g Short straight sections
- 0.03 &
D (@)
(48]

0.02 Off-axis injection, PMK*

| | : | . .
J‘ ‘ ’ H " 001 No dipole source (low field
7 x'l \'A k'l t'l \'1 N 0 gradient dipole)
1 I ' ' -0.01
0 5 10 15 20 25 ~Zero dispersion in SS

s [m]
*PMK Pulsed Multipole Magnet

y Im]
2.0
— T ey T

>

< T T T T
‘, ﬂ As 10 xfm] © 20 T M > _ oring5328Y2017 13
ARG Octupoles °




SIRIUS: 5BA, 3 GeV, 240 (150) pm.rad, N=20, 518 m,

500 mA

Focusing added

Twiss functions S1.¥21.02-S05.02
T T

5-fold symmetric optics with
15 low and 5 high
sections.

Achromatic cells.
At low 3 sections

- By=By=1.0m

— Optimized electron and
photon beam phase-space
matching for undulators.

At superbend (PM)

— Strong focusing of
dispersion and f3,
functions

— Beam size: 9.5 x 3.5 ym?
Off-Axis injection
pulsed multipole magnet

Laurent S. Nadolski. HBLS, BNL/NSLS—II,A‘briIQS-gS, 2017 14



ELETTRA-II: Special* S6BA, 2 GeV, 250 pm.rad,
N=12, 259.2 m

{ / A J
J ) | 0.03
/‘ \ / \ f ! .
f \ S\ \ /N \ Dipole source
\ i \ / \ \
m e A 0.01

Easy to use

“*. Future:
Introduction of 4 SB of
35T

D \\:Z

O Ee———

0.58T 0.58T 0.58T (0.58T 0.58T 0.58T 0.8T(+1.4T)

*12 achromats each made of 6_ “cells” invariant to shift between them

r j
> ELJ l Laurent S. Nadolski. HBLS, BNL/NSLS-I; A"'prila25-28, 2017




SLS-II: LGAB-7BA, 2.4 GeV, 103 pm.rad, N=12, 290 m

Investigation revealed that, due to low periodicity, SLS
upgrade could not operate at high chromaticity (-5,-5).
Half integer resonance

/ \ 0.04
124 w‘ \ -0.03
= 16 ﬁ n| \ 0.02
g0/ XV \ 0,01
— A LA 0.00
g \
S 8 | \ | k _
é 6 | ’ £
= | | g
< 7]
+~ 4_ e
2 5
2] A
04 r . r
0 5 10 15 20
U Oy O O o O O I IR DO O I0 i T [ W (I [
- Superbend 5-6 T
—_— 5t
% f— dipole
Eoor quadrupole
% 2= total
o 1 g
° p 00 H = 10j
(a9} 1] U LJ J L L L L L - .U 1]
0 5 \\ 10 f / //V 20
Anti bend
[
S |

Laurent S. Nadolski. HBLS, BNL/NSLS-It3Aprik25+28y 2017

Symmetry is a MUST
Antibend fully exploited
(585° total absolute
angle)

Off-axis injection
Long-axis

< Optical functions

< Magnetic fields
poletip fields for »=13 mm

Low momentum
compaction factor

16



CLS-II: 7BA, 3 GeV, 186 pm.rad, N=21, 510 m

- | = e [ e I e | e e S | AR vBx) | Ab® | voe | auto
0.06

22

sl 0.04

18 - J 0.02

/"\ /

16 - _/ \ ,[\ - 0.00
5 —
—14 g
5 0.02
5 s
=12- -
g g
z 0.04¢
Z10- g
E O.OGG

6 - 0.08

44 0.10

2.

17T 0.12
o .1
0 1

S 10 5 20
O N W 0N N N0 D N0 NN 6N WU Y N RN

Knob 1 _’ %] | Knob 2 _’ %] | Knob 3 _! %] Knob 4 _! %|| Knob S _’ X1
LabK editk LabK ed1tk LabK editk LabK editk LabK |.:um.r.

K | =] d =] | ] =1 | ] =1 | ] =1
In’u') ‘_’1 j max |f?n.'¥ ﬂ d I'H.i‘ |"V ] (_’j ﬁ If:‘n.’ﬂ l") n (_’l j lf‘].’u I"‘J‘. ‘_’l ﬁ |m.’-v

° %

& |
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Very preliminary
Results

Off-axis injection
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PEPX: 7BA, 4.5 GeV, 11pm, 2199m, 1.5 A

Third and fourth order achromat

— gL O R i Ty r—

Arc cell lattice functions

20. -Unix version 8 51/18s_ i . . . 17/10/11 11.38.20_ .050
18. 4 B ! ik D, [ 0.045
16. : | 0.040
14. [ 0.035
12. [ 0.030
E 10. 4 2-0.025 §
8. - [ 0.020
6. | [ 0.015
4 ] L 0.010
2. L 0.005 £
ood -~ loo 5
00 25 50 75 10.0 125 150 17.5 20.0 225 25.0 27.5 30.0

s (m)

ot n > /A Sand sy = 27 + w/4

Compact

TME QD replaced with K-
dipole

Special phase advance

Sextupole integrated in
dipole or quadrupoles

Matching Cell at the end

' + ! f 3 =
"> t r _ l Laurent S. Nadolski. HBLS, BNL/NSLS-II;;K’SriMSag& 2(_)17
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SLiT-J: DDBA, 3 GeV, 920 (720) pm.rad, N=16, 350 m
Synchrotron Light in Tohoku, Japan

Design a sub-nm emittance
storage ring with certain
boundary condition (C ~ 350

25 AT T ool " 25 m)
« Start the project as soon as
possible (will be approved soon,

. = hopefully).
£ ® * Facility size should be compact
5 5 because of limited available
g 3 budget.
- 3  Soft X-ray will be 100 times
5 S brighter than that at SPring-8.

3 « Complete management of
saving-energy for high cost-
performance facility.

 Secure expansibilitly and
sustainability for the facility.
Path Length (m)
1.84 m straight
5 g:ftigﬁglses section 5.44 m straight

TR TR AR
/m@ ! "immpeiey
ol 0.6 T dipole 0.8 T dipole \’,‘- .
i“ ) 0=4.725° 0=6.525 ““‘i

)

J_l_‘, Laurent S. Nadolski. HBLS, BNL/NSLS-It3Aprik25+28y 2017 19



ESRF-EBS: H7BA, 6 GeV, 135 (110) pm.rad, N=32,
844 m, 200 mA (4b: 40mA, 16b: 80mA)
Collider optics

Large 9 cm dispersion bump Dispersion bump
20 / \ 01 — reduce sext. Strengths
10.09 — large DA
-40.08 .
| No Harmonic sextupole
40.07
006 € Low dispersion value
C
0.05 2 large LMA
2
1998 Locked Sextupole phase
10.03 advance
—40.02

LGB PM magnets

1001 Octupole magnets

Off-axis injection

017-67T

> E_LJ_ | Laurent S. Nadolski. HBLS, BNL/NSLS-It/Aprin25:2872017
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Cell optimization scan

Empirical finding (*) that some observed parameters (knobs)
have effective impact on physically relevant quantities:

_ Bx @ IDs =~ £, (*) P. Raimondi, ESRF

- By @sext 2> g, &

- a, @ sext > dQ,/dAy

— K4 @ oct - dQ,/dAx

— ¢, advance between sextupoles - dQ,/dAy

Each parameter scanned individually while keeping others
fixed

eourtesy of A. Alekou

S
%,{m 21/25



APS-U: H7BA, 6 GeV, 41 pm.rad, N=40, 1104 m, 200
mA (324b) + time resolved (48b)

Start with ESRF-EBS-like H7BA
giving 67-pm emittance

2
801 29| T .
) Convert 6 quads/sector to
501 ~ " reverse-bends with gradients
~ I £ 19] - - No additional magnets
. — - Increases energy loss per turn
E 40 » 10 - Somewhat decouples beta functions
~ @ I ' and dispersion
X - Increases dispersion at the sextupoles
& 20lq 5
FQ
v Reduction of sextupole
01 L | Strength by a factor 3-4

1 'O 2'5 3-pole wiggler (1T)
. s (m)
Improved beta functions 500 fs FWHM max
Reverse bends

1: M. Borland et al., NAPAG16, Injection: Swap-out

WEPOBO1. 4: J.P.Delahaye et al., PAC89, 1611.
2: L. Farvacque et al., IPAC13, 79. 5: A. Streun, NIM A 737, 148 (2014).
3: M. Borland et al., IPAC15, 1776.

J_l_‘, Laurent S. Nadolski. HBLS, BNL/NSLS-It3Aprik25+28y 2017 22



SPRing8-II: H5BA, 6 GeV, 157 (100) pm.rad, N=40,
1435 m, 100 mA

Practical SR source to allow users to fully use photon performance

1. Chromaticities are compensated by sextupoles at dispersion - Tuning knobs are

bumps. limited:
2. Phase advance between bumps is set to Nn to cancel nonlinear Imited.
kicks. . - A series of
Privilege SACLA for short bunch sextupoles are closely
distributed with each
20 L (A L@re) Ay y(arcj ) | 02 other inside bumps.
' - Phase advance
1o between bumps should
B be fixed.
= - Betatron functions
0 ) :
_ : S - at straight sections
AR HHH e should be kept small.
1 1 ISD Sl)l 1 | SD SD | 1
0 5 10 15 0 25 30 . - Tune at each cell
\ f s [m] i I cannot be changed a
lot.
Extra Sextu Extra Sextu
Longitudinal Gradient Bend (LGB) +  Injection off (on)-axis
L |
> _E‘_._,, Laurent S. Nadolski- HBLS, BNL/NSLS-IF/Abrin252872017 23



PETRA-IV: H7BA, 6 GeV, 12 pm.rad, N=72, 2304 m,
200 mA

[ Lattice based on HMBA Cells

T, LT LI
— LT My AP AP Mo S el b 4 45° arc

= 25.0 HM;A ' S{VIAD'-Xf.I()Z.1(') 22/'()5/l§ 19.(')7.38 0.040 - § identical arcs
a 225{ 7 ‘ ' ~3.5 cm* L 0.035 " <Straight sections: FODO cells
i — 0.030
- 0.025  Cell not yet optimized,
[ 0020 (small dynamic aperture) x
[ 0015 . , _
_ Dispersion peak: 9 mm — 3.5 mm
- 0.010  Quadrupoles (120 T/m) & sextupoles stronger
L 0.0os — DA, MA smaller
00 46 92 138 184 23070 Try a more relaxed H6BA (or H5BA) cell and
S include
(vertical) damping wigglers to reduce
emittance
FODO cells to connect arcs with matching triplets at both ends
* 9cm for ESRF o P

Altogether 4 long (108 m) and 4 short (64.8 m) straight sections

v
) e~
5Ll

,l l Laurent S. Nadolski. HBLS, BNL/NSLS-It3Aprik25+28y 2017 24



PETRA-IV: H7BA, 5 GeV, 10-30 pm.rad (w/o DW),
N=72, 2304 m, 100 mA

4D-phase space exchange and MBAs

0.04 Twist: N .
. 0.03 el ——
. 0.02 \ \p Long straight wE
\ section
1 0.01 % 2\
; Short cst::gm 3 \\ vot:* l;: e
* \

o PETRA NI/ IV

A lattice based on MBAs with Emittance ~ 20/20 pm v
non-interleaved sextupole pairs (5 GeV, wigglers not yet included)
Undulator cell not yet optimized x

Laurent S. Nadolski. HBLS, BNL/NSLS-I;I’;;:KSri}fSJg& 2017 25



ALS-U: H9BA, 2 GeV, 109 pm.rad, N=12 (4), 196 m,
500 mA

sl R | . " [—a] ¢ Symmetric, bare lattice (no IDs, no
14} e ;! - B SuperBends) emittance: £, =
I 1 -y
£ - ' - 109pm
G ! |
=R L L «  w/ full coupling:
= 8} 1 ] 1 . .
£l po P &x =& =71pm
=l \ e ...including additional damping from
2f ID’s: £, = £€,~55 pm
° « ...including IBS (with Harmonic
_2 | 1 Il 1 1 1 Il 1 ..
o 2 4 ® postion ™ 10 2 14 16 Cavities): €, = £,~65 pm

* Lifetime ~1hr
Reversed bendlng from offset focusing quads

J; t t ) \L Super-bend

16.375 m (sector length) R InjeCtiOn: Swap-OUt
s Tb ‘ | ‘ | ‘ | Q”i r“ Longer magnet = lower field-gradients
oo QF K, < 13.2m"2 (88 T/m)
EBIEEIET ﬂ Central bend |K, | < 6.3 m™2 (42
9.69 m (arc length) T/m)

Similar magnet designs as for
the 9BA lattice

[ad 1y £ 4 ;
"> t r _ l Laurent S. Nadolski. HBLS, BNL/NSLS-II;;K’SriMSag& 2(_)17 26



DIAMOND-II: DTBA/M6BA, 3 GeV, 100-140 pm.rad,
N=24, 561 m

Diamond |l design is striving to combine Use the ESRF cell concept (7BA with

longitudinal gradient dipoles) —

low emittance and doubling the straight removing the mid dipole to make it

sections

= 2365 5pip=01000 - a 6BA with a straight at the centre
v,= 082406 1period,C=' 23.375 : : ‘ 0.1

Longitudinal gradient
dipoles + strong gradient
dipole (upto 1.4 T 40 T/m)

10.05

dispersion [m]

~3 m mid-straight section

Off-axis injection

SS 8.0/5.2/3.0
Collaborative work DIAMOND/ESRF

4 ‘.
> t_:_.J_ I Laurent S. Nadolski. HBLS, BNL/NSLS-IF/Apring5-2872017 27



SOLEIL-II: H6BA-H7BA, 2.75 GeV, 190-230 pm.rad,

N=4 (16), 354.1 M

40 | T T T ) 0.16
E - Px
35._ ............................................................................................................................................... ﬁ _0.14
Long SS Med SS Short SS §
30_ ...................................................................................................................................... _-nx_o-lz
25_ ..................................................................................................................................................... 01
.El 20._ ....................................................................................................................................................... 0.08‘§.
= =y
15_ . o o o i R e [ 0 e el 006
10_ ....................................................................................................................................... 0.04
50 '10.02
0 | L0 | | ] 0
0 5 10 15 20 25 30 35 40
s [ml
Very Compact lattice — Standard lattice do not apply: 24 straight sections

Off-axis injection

Strai

Main magnets : Bend

=

ight Section length : 9m,5mand 2.8 m Straight / Circumference ~ 32 %

Quad : 70 T/m max, Low Sext value : 700T/m?

Laurent S. Nadolski. HBLS, BNL/NSLS—II,A,'ﬁ%('f;rik?S-‘Zj& 2017

(45% today)

:0.6 Tand 30 T/m No LGB, Use of reverse-bend in dispersion bump
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Conclusions

Energy circumference emittance emit/gamma”2 Lattice Qx Qy Q'x Qy Optics strain** Cell length Cell #

:PETRA-IV 6 2304 10 7,3E-08 H7BA NA
Pep-X 4,5 2200 30 3,9E-07 7BA 113,23 65,4 -162 -130 2,8 30 NA
.Spring8-Il 6 1436 67 4,9E-07 H5BA 108,1 45,6 -143 -147 4,3 30 40
APS-U 6 1104 41 3,0E-07 H7BA 95,1 36,1 -131 -122 4,7 276 40
(ESRF-EBS 6 8444 133 9,6E-07 H7BA 76,21 27,34 -108 -82 4,3 26,4 32
.DIAMOND-II 3 561 120 3,5E-06 DTBA 58,18 21,31 =77 -118 7,3 226 24
MAX-IV 3 528 328 9,5E-06 7BA 42,2 16,28 -50 -50 3,6 26 20
SIRIUS 3 518 240 7,0E-06 5BA 49,11 14,17 -119 -81 13,9 259 20
CLS-II 3 510 186 5,4E-06 7BA 37,22 10,32 -66,7 -40,4 7,0 243 21
.SOLEIL-II 2,75 3541 200 6,9E-06 H6BA-H7BA 39,12 14,24 -75 -85 11,4 22* 16
SLiT-J 3 350 600 1,7E-05 DDBA 29,21 9,28 -69,3 -41 10,5 21,9 16
SLS-II 2,4 290 100 4,5E-06 7BA 37,22 10,32 -66,6 -40,4 7,0 241 12
Elettra-ll 2 259,2 250 1,6E-05 S6BA 33,2 9.3 -63 -50 10,2 12,6 12
ALS-U 2 196,8 109 7,1E-06 SBA 41,38 20,39 -64 -67 51 16,35 12

“*Optics strain = Qx/Qx*Qy’/Qy Compact & Rigid lattice Exotic magnets
TGB /LGB Combined function - magnets

Hybrid MBA more adapted for large storage ring (sextupole strength relaxed)

Relevant cell length is the one limited to magnetic structure

Anti-bend relaxes fairly nicely the constraints on the emittance and increases tunability

High periodicity is privileged for ultra-low emittance lattices 3-4 % LMA
Low MCF
> E.E.J.L, Laurent S. Nadolski. HBLS, BNL/NSLS-ItyAprik25-28y 2017 29
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